1. Introduction {#sec1}
===============

Schiff base complexes of cobalt(III) are utilized as impetuses for the oxygenation reactions of organic molecules ([@bib47]), eminently in the preparative oxygenation of phenols ([@bib45]), indols ([@bib49]) and amines ([@bib50]), a reversible process similar to Co(III)/Co(II) redox potential ([@bib33]). It likewise discovers applications in oxidative coupling catalytic reactions of phenols and oxidation of olefins ([@bib70]). The catalytic activity of Co(III) salen (b*is*(salicylidene)ethylenediamine) complexes demonstrates the catalytically dynamic species to be cobalt in the +3 oxidation state ([@bib19], [@bib20]; [@bib21]; [@bib22]; [@bib48]; [@bib65]).

On the other hand, these complexes have been utilized extensively to imitate cobalamin (B~12~) coenzymes ([@bib6]; [@bib7]; [@bib17]; [@bib57]), classified as an oxygen carrier ([@bib47]) and oxygen activators ([@bib11]; [@bib32]; [@bib68]). Metal complexes of salophen *(bis*(salicylidene)phenylenediamine) and salen-type ligands also find applications in the intercalation of DNA base pairs ([@bib39]; [@bib69]) and for potentiometric discoveries of basic anions existing in biological and environmental systems ([@bib38]). Salophen-type ligands have additionally been utilized as nitrite sensors ([@bib27]). In addition, Co(III) Schiff base complexes have been utilized as antimicrobial agents ([@bib13]).

Furthermore, Co(III) salen complexes have shown an outstanding selectivity to poly(propylenecarbonate) development with 99% of carbonate linkages. This led to significant efforts been devoted to the synthesis of these complexes as well as mechanistic studies for a better understanding of their reaction mechanism ([@bib18]; [@bib34]; [@bib42]; [@bib43]). Recently, Co(III) salen metal complexes have been used in the electro-reduction of CO~2~ to CO, acting as a multi-electron reducing agent ([@bib64]).

L-cysteine plays structural roles in proteins and can likewise partake in electron transfer reactions and its sulfhydryl group, thiolate (RS^−^) is stabilized in a particular environment. However, the sulfhydryl group of free l-cysteine is somewhat inert for redox reaction in physiological conditions. Thiolate is a relatively more potent nucleophilic agent than its protonated structure. As such, reactive l-cysteine is in its anionic structure mostly in proteins. In addition, l-cysteine is significant for numerous protein functions; the molecule is toxic to cells in both prokaryotes and eukaryotes even at low concentrations ([@bib23]; [@bib55]).

Thiol-containing compounds are easily susceptible to oxidation and hence a reason for most of their biological functions ([@bib25]; [@bib37]) and numerous kinetic investigations have been stated on the redox reactions with a view to understand the role of enzymes containing l-cysteine group in electron transfer reactions. Oxidation of thiols by metal ions ([@bib8]; [@bib9]; [@bib10]; [@bib26]; [@bib28]; [@bib29]; [@bib46]; [@bib51]; [@bib54]; [@bib63]) and non-metallic oxidants ([@bib1]; [@bib24]; [@bib35]; [@bib41]; [@bib61]; [@bib67]; [@bib71]) have been stated to proceed through different mechanisms. An example is where dichromate was used, the overall reaction mechanism involved the formation a thioester as an intermediate, then intra- and inter-molecular redox reactions ([@bib12]; [@bib14]). However, with Cr(VI) and l-cysteine, redox reaction occurs through an inner-sphere mechanism ([@bib3]), but with Mo(VI) and 12-tungstocobaltate(III), the reaction occurs through an outer-sphere mechanistic pathway ([@bib10]; [@bib44]; [@bib60]).

Reports have also been previously published involving oxidation of l-cysteine by Corey\'s reagents ([@bib3]), trinuclear Mn(IV) species ([@bib15]) \[Mn~4~O~6~\]^4+^ core ([@bib16]), potassium ferrate ([@bib58]) and 11-tungstophosphovanate(V) ([@bib60]).

Similarly, this research studies the kinetics of redox reaction of \[CoSalophen\]^+^, (Salophen = *Bis*(salicylidene)phenylenediamine) by l-cysteine (LSH) and reported herein for the mechanism of the reaction of this complex to be further understood.

2. Methodology {#sec2}
==============

Chemicals used for this research work were of analytical quality and were used without further purification. The rates of reactions were studied by monitoring the reaction mixture as the absorbance decreases with increasing reaction time at 470 nm on a SHERWOOD colorimeter 254. The reducing agent used was L-cysteine (BDH) while sodium chloride (M&B) salt was used to stabilize the strength of ions in the reaction medium. Cobalt(II) chloride hexahydrate, salicyaldehyde, O-phenylenediamine, chloroform, ethanol, H~2~O~2~, and diethyl ether were obtained from Merck.

The Schiff base, *bis*(salicylidene)-1,2-phenylenediamine, (Salophen), the complex, *N*,*N*′-phenylene*bis*(salicylideneiminato)cobalt(III), (\[CoSalophen\]^+^) were synthesized and characterized according to the reported procedure ([@bib56]).

The Schiff base (ligand) was set up by refluxing ortho-substituted phenylenediamine (1.00 g, 9.25 mmol) with benzylaldehyde (1.97 mL, 18.50 mmol) in ethanol (30 mL) at 78 °C for 10 min and the crude cooled to 0 °C. Filtration was used to collect the precipitate, then washed and dried with ethanol and desiccator, respectively. Yield: 2.37 g (91%).

To prepare the Schiff base complex, a blend of the ligand (0.79 g, 2.50 mmol) together with hydrated cobalt(II) chloride (Aldrich) (0.63 g, 2.30 mmol) was stirred in methanol (60 mL) for 3 h at room temperature followed by oxidation with H~2~O~2~. Ethoxy ethane (20 mL) was added to induce precipitate formation. The precipitate was filtered, washed and recrystallized using filter paper, ethoxy ethane, and chloroform, respectively. Yield 0.59 g (78%).

The complex structure is depicted in [Scheme 1](#sch1){ref-type="fig"}.Scheme 1Structure of *N,N′*-phenylene*bis*(salicylideneiminato)cobalt(III) complex.Scheme 1

Conductivity measurements were carried out at room temperature utilizing a HACH Sension5 conductivity meter. Molar conductivity of synthesized complex with the concentration of 1.0 × 10^−4^ mol/dm^3^ 1:4, v: v of DMSO: H2O was obtained as 122 cm^2^/Ohm/mol with 12.2 × 10^−6^/Ohm/cm as the specific conductance, indicating an electrolytic ratio of 1:1.

Fourier transform infrared (FT-IR) spectra were recorded on shimadzu varian 8400 spectrophotometer in KBr pellets. The FT-IR spectrum of the complex showed the complexation of the ligand with the complex by a slight shift of peak due to the imine (*v*(C=N)) bond from 1620cm^−1^ to 1612cm^−1^ ([@bib59]). Peaks around 547cm^−1^ and 462cm^−1^ was assigned to v(Co--O) and v(Co--N) respectively (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Magnetic susceptibility (μ~eff~, BM) measurement shown that the Cobalt(III) complex synthesized is of low spin inner orbital hybridized with a magnetic moment μ~eff~ of 0.2 BM. This value indicates the oxidation to Co(III) during the preparation of the complex([@bib2]).Figure 1FT-IR spectrum of the Salophen ligand.Figure 1Figure 2FT-IR spectrum of the Co(III)Salophen complex.Figure 2

Spectrophotometric titration utilized for this study was the mole proportion method of stoichiometric determination. the stoichiometry of the reaction using the method of mole proportion. The concentration of \[CoSalophen\]^+^ was kept consistent while the proportion of \[LSH\]: \[CoSalophen\]^+^ was differed from (0.25--4.00) at μ = 0.1 C^2^ mol/dm^3^ (NaCl) and T = 27 ± 1 °C. A plot of absorbance against mole proportion gave the reaction stoichiometry. A point of inflexion on the graph indicated the mole proportion ([@bib31]).

Every kinetic measurement was done under condition of pseudo-first order with \[LSH\] in excess over \[CoSalophen^+^\] by at least 20 fold at 0.1 C^2^ mol/dm^3^ (NaCl), \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^ (HCl) and T = 27 ± 1 °C. Pseudo-first order plots of log (A~t~-A~∞~) versus time were made (where A~t~ and A~∞~ are the absorbance at time t and at the end of the reaction, respectively). Pseudo-first order rate constants, k~1~ values were obtained from the slopes of the plots. The second order constants (k~2~) were calculated as shown in [Eq. (1)](#fd1){ref-type="disp-formula"}:$$k_{2} = {k_{1}/\left\lbrack LSH \right\rbrack}$$

The effect changing the concentration of H^+^ on the reaction rate was examined by changing the H^+^ concentration within the range of (1.0--18.0) × 10^−3^ mol/dm^3^, while keeping \[CoSalophen^+^\] and \[LSH\] of 2.0 × 10^−4^ mol/dm^3^ and 12.0 × 10^−3^ mol/dm^3^, respectively constant at T = 27 ± 1 °C and μ = 0.1 C^2^ mol/dm^3^. The second-order acid-dependent variation with \[H^+^\] was achieved from the plot of k~2~ against \[H^+^\] ([@bib4]).

The effect of reaction rate as ionic strength of the medium of reaction is varied was examined within range of 0.04--0.18 C^2^ mol/dm^3^, with constant concentrations of the reactants at 27 ± 1 °C. A plot log k~2~ against √μ was also made.

The effect of added ions were examined for \[Z\] = 3.0--18.0 × 10^−3^ mol/dm^3^ (\[Z\] = Ca^2+^/SO~4~^2−^) at constant \[CoSalophen^+^\], \[LSH\] and μ. The effect of temperature on the reaction rates was studied within 300--325 K. The data were then considered using Eyring plot of ln k~2~/T versus 1/T and thermodynamic parameters also were determined at constant \[CoSalophen^+^\], \[LSH\] and ionic strength. Free radical participation as the reaction is occurring was investigated by addition of 5 cm^3^ of 0.02 mol/dm^3^ solution of acrylamide to the mixture of reactions that has oxidized partially then addition of excess methanol.

During the reaction progress, comparison was made between the spectra of the mixture of reaction with that of the complex within the range of wavelength 400--700 nm. A graph of 1/k~1~ against 1/\[LSH\] of Michaelis-Menten type was also made.

3. Results and discussion {#sec3}
=========================

Stoichiometric results obtained for this study revealed a mole proportion to be 1 to 1 base on the reaction as depicted in [Figure 3](#fig3){ref-type="fig"}. The stoichiometric equation for the reaction is shown below:$$\left. {2\left\lbrack \text{CoSalophen} \right\rbrack}^{+} + 2\text{LSH}\rightarrow 2\ \left\lbrack \text{CoSalophen} \right\rbrack + \text{LSSL} + 2\text{H}^{+} \right.$$Figure 3Absorbance versus mole ratio plot for the reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 × 10^−4^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^, μ = 0.1 C^2^ mol/dm^3^, \[LSH\] = (0.5--7.0) × 10^−4^ mol/dm^3^, T = 27 ± 1 °C and λ~max~ = 470 nm.Figure 3

A result of stoichiometry analogous to this research was reported previously in the reduction of heteropoly 11-tungstophosphovanadate(V) by l-cysteine ([@bib40]).

The plots of pseudo-first order, log (A~t~ − A~∞~) against time were linear to 80% completion of the reaction ([Figure 4](#fig4){ref-type="fig"}) suggesting a first order dependence in \[CoSalophen^+^\]. The order with respect to \[LSH\] was determined from a plot log k~1~ against log \[LSH\]. The slope of the plot was 0.97 ([Figure 5](#fig5){ref-type="fig"}). The values of the second order rate constants remained similar and fairly the same ([Table 1](#tbl1){ref-type="table"}). The rate law for the reaction is represented by [Eq. (3)](#fd3){ref-type="disp-formula"}.$$\frac{- \text{d}\left\lbrack \text{CoSalophen}^{+} \right\rbrack}{\text{dt}} = \text{k}_{2}\left\lbrack \text{CoSalophen}^{+} \right\rbrack\left\lbrack \text{LSH} \right\rbrack$$where k~2~ = (6.9 ± 0.18) × 10^−1^ dm^3^/mol/s.Figure 4Typical pseudo-first order plot for the reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$10^−4^ mol/dm^3^, LSH = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^, μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1 °C and λ~max~ = 470 nm.Figure 4Figure 5Plot of log k~1~ versus log \[LSH\] for the redox reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$10^−4^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^, μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1 °C and λ~max~ = 470 nm.Figure 5Table 1The pseudo-first order and second order rate constants for the reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$ 10^−4^ mol/dm^3^, T = 27 ± 1 °C and λ~max~ = 470 nm.Table 110^3^\[LSH\],(mol/dm^3^)10^3^H^+^,(mol/dm^3^)μ, (C^2^ mol/dm^3^)10^3^ k~1~,(/s)10^1^ k~2~,(dm^3^/mol/s)4.001.000.102.837.086.001.000.104.146.898.001.000.105.657.0610.001.000.107.097.0912.001.000.108.206.8314.001.000.109.586.8416.001.000.1010.436.5218.001.000.1012.516.9512.001.000.045.974.9712.001.000.066.895.7412.001.000.087.586.3112.001.000.108.246.8712.001.000.128.777.3112.001.000.149.537.9512.001.000.1610.208.5012.001.000.1811.019.1712.001.000.108.206.8312.003.000.1018.1015.1012.006.000.1031.1025.9012.009.000.1054.1045.4012.0012.000.1070.2058.5012.0015.000.1089.6074.7012.0018.000.1097.8081.50

A second order dependence in \[LSH\] was previously reported in the reaction of LSH by trans-dichlorotetracyanoplatinate(IV) ([@bib62]), heteropoly 11-tungstophosphovanadate (V) ([@bib60]) and 12-tungstocobaltate(III), while a fractional order dependence in \[LSH\] in the oxidation of l-cysteine by Corey\'s reagent ([@bib3]).

The reaction displayed acid independent and dependent pathways as obtained from a plot of k~2~ versus \[H^+^\] presented in [Figure 6](#fig6){ref-type="fig"}. Acid dependence effect of this kind is represented by [Eq. (4)](#fd4){ref-type="disp-formula"}$$\text{k}_{\text{H}^{+}} = \text{a} + \text{b}\left\lbrack \text{H}^{+} \right\rbrack$$a = 0.16 dm^3^/mol/s and b = 464.16 dm^6^/mol^2^/s.Figure 6Plot of k~2~ versus \[H^+^\] for the reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 × 10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = (1.0--18.0) × 10^−3^ mol/dm^3^, μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1$\ \operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Figure 6

The final rate scheme for the reaction is presented in [Eq. (5)](#fd5){ref-type="disp-formula"}$$\frac{- \text{d}\left\lbrack \text{CoSalophen}^{+} \right\rbrack}{\text{dt}} = \ \left( \text{a} + \text{b}\left\lbrack \text{H}^{+} \right\rbrack \right)\mspace{9mu}\left\lbrack \text{CoSalophen}^{+} \right\rbrack\mspace{9mu}\left\lbrack \text{LSH} \right\rbrack$$

This nature of acid dependence is signifying that the un-protonated and protonated species of the reactant are reactive ([@bib30]) as shown in [Eq. (6)](#fd6){ref-type="disp-formula"}.$$\text{LSH} + \text{H}^{+}\overset{\text{K}_{\text{H}^{+}}}{\rightleftharpoons}\text{HLSH}^{+}$$

Similar results of acid dependence were reported by earlier researchers in the reaction of l-cysteine ([@bib9]; [@bib10]; [@bib15]).

From [Table 1](#tbl1){ref-type="table"}, the results indicated the reaction rate to be enhanced as the strength of ions in the medium of the reaction is increased. A straight line graph was obtained from a graph of log k~2~ against √μ with positive slope (+1.1) ([Figure 7](#fig7){ref-type="fig"}), indicating a positive effect of salt based Brønsted -- Debye model. This indicates the participation of the same charged species with a magnitude of 1 at the slow step ([@bib52]).Figure 7Plot of logk~2~ versus √μ for the reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 × 10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^, μ = (0.04--0.18) C^2^ mol/dm^3^, T = 27 ± 1$\operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Figure 7

The reaction rate was found to be inhibited in the presence of added cations while anions catalyzed the reaction rate (Ca^2+^ and SO~4~^2-^, [Table 2](#tbl2){ref-type="table"}). Catalysis of added ion suggests that the mechanism of the reaction is outer-sphere ([@bib36]). The formation of a gel was observed on adding acrylamide, which is a radical scavenger, to partially reacted mixture in excess methanol suggesting the presence of free radicals in the reaction ([@bib5]).Table 2The Effect of added anion and cation on the rate of reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$ 10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^~,~ μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1$\operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Table 2\[Z\]10^3^ \[Z\], (mol/dm^3^)10^3^ k~1~, (/s)10^1^ k~2~, (dm^3^/mol/s)SO~4~^2-^0.08.206.833.08.396.996.08.597.169.08.677.2212.08.787.3115.08.957.4518.09.107.58Ca^2+^0.08.206.833.07.145.956.05.564.639.04.143.4512.03.482.9015.02.552.1318.00.940.79

No shift in *λ*~max~ (470 nm) was observed when the spectrum of the reaction mixture was matched with that of \[CoSalophen\]^+^ ([Figure 8](#fig8){ref-type="fig"}). Also, a Michaelis--Menten type plot of 1/k~1~ versus 1/\[LSH\] had negligible intercept suggesting the lack of evidence to support the presence of a stable and detectable intermediate in the reaction ([Figure 9](#fig9){ref-type="fig"}). This lack of evidence for the detectable intermediary complex is evidence for reactions occurring through outer-sphere mechanistic path.Figure 8Plot for spectrophotometric test for the redox reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^~,~ μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1$\operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Figure 8Figure 9Michaelis-Menten plot for the redox reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^, μ = 0.1 C^2^ mol/dm^3^, T = 27 ± 1$\operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Figure 9

The results of temperature dependence on the rate constants and activation parameters for the reaction are depicted in [Table 3](#tbl3){ref-type="table"}. The relatively high negative value of ΔS∗ indicates that at the rate-determining step, the redox process is spontaneous ([@bib66]).Table 3Temperature dependent rate constants and activation parameters for the redox reaction of \[CoSalophen\]^+^ and LSH at \[CoSalophen^+^\] = 2.0 $\times$ 10^−4^ mol/dm^3^, \[LSH\] = 12.0 × 10^−3^ mol/dm^3^, \[H^+^\] = 1.0 × 10^−3^ mol/dm^3^~,~ μ = 0.1C^2^ mol/dm^3^, T = 27 ± 1$\operatorname{{^\circ}C}$, and *λ*~max~ = 470 nm.Table 3T (K)10^3^ k~1~ (/s)10^1^ k~2~ (dm^3^/mol/s)3008.206.8330512.4110.3431015.1312.6131515.2512.7032018.8215.6832522.5718.81Activation parametersΔH^ǂ^ = +28 kJ/molΔS^ǂ^ = -158 J/mol/KΔG^ǂ^ = +74 kJ/mol at 300 KE~a~ = +29 kJ/mol

The quantitative test of Co^2+^ was established by adding a few drops of potassium thiocyanate in excess acetone to the reaction product. The blue solution formed in the reaction mixture showed the presence of Co^2+^ ([@bib53]). The presence of disulphide, LSSL was ascertained by comparing the reaction mixture\'s spectrum after the completion of the reaction with the spectrum obtained when LSH was treated the H~2~O~2~ which is known to oxidize thiols to disulphide ([@bib8]). A similarity in the spectra suggests oxidation of LSH to LSSL ([Figure 10](#fig10){ref-type="fig"}).Figure 10UV- visible spectra of product of LSH oxidation by CoSalophen^+^ and hydrogen peroxide.Figure 10

From the results obtained, Eqs. [(7)](#fd7){ref-type="disp-formula"}, [(8)](#fd8){ref-type="disp-formula"}, [(9)](#fd9){ref-type="disp-formula"}, and [(10)](#fd10){ref-type="disp-formula"} is suggested to be the elementary steps involved for the reaction:$$\text{LSH} + \text{H}^{+}\overset{\text{K}}{\rightleftharpoons}\text{HLSH}^{+}$$$$\left\lbrack \text{CoSalophen} \right\rbrack^{+} + \text{HLSH}^{+}\underset{\text{slow}}{\overset{\text{K}_{3}}{\rightarrow}}\left\lbrack \text{CoSalophen} \right\rbrack + \text{LS}^{\cdot} + 2\text{H}^{+}$$$$\left\lbrack \text{CoSalophen} \right\rbrack^{+} + \text{LSH}^{+}\underset{\text{slow}}{\overset{\text{K}_{4}}{\rightarrow}}\left\lbrack \text{CoSalophen} \right\rbrack + \text{LS}^{\cdot} + \text{H}^{+}$$$$\text{LS}^{\cdot} + \text{LS}^{\cdot}\overset{\text{k}_{5}}{\rightarrow}\text{LSSR}$$

From the mechanism

Substituting [Eq. (12)](#fd12){ref-type="disp-formula"} in [Eq. (11)](#fd11){ref-type="disp-formula"}

[Eq. (14)](#fd14){ref-type="disp-formula"} is equivalent to [Eq. (5)](#fd5){ref-type="disp-formula"}where k~5~ = a = 0.16 dm^3^/mol/s and k~3~K = b = 464.16 dm^6^/mol^2^/s.

4. Conclusion {#sec4}
=============

The reaction of \[CoSalophen^+^\] and LSH in DMSO: H~2~O; 1:4 media, displayed a stoichiometry of 1:1 based on the mole ratio. Second order overall was established for the reaction and the hydrogen ion concentration effect revealed the activeness of both the protonated and deprotonated form of the reductant. Positive salt effect based on the Brønsted-Debye was established during the course of the reaction. Free radical was detected to take part while intermediary complex with substantial stability was not detected as the reaction is progressing. From the outcomes, the reasonable mechanistic pathway for the reaction is suggested to be outer-sphere.
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